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\| ABSTRACT
ensive measurements in a "cascade” type arc research apparatus
vere carried out with four gases (hydrogen, helius, amsonia, and argom),
covering both the inlet region and the fully developed region cf the
coaxial flow discharge. The inlet (gas heater) region results for three

Watsomw Y&Iitions with empirically an & satisfactory.

ription of 31} the {nlet-ecrses-tnvestigated,
Yo estimste the ultimate technical limits of arc gas heater

perforzance the well known approximate theories for the fully developed
arc column (Parabola and Bessel Models) were extended to include

radiation and, (for the high currgnt regime) the celf-magnetic pressure
gradient. ‘lot gas containment limits (nignest radially-averaged cutlet
enthalpy vs. pressure) Ar%_salculated for air, for a range of allowable

vall heat loads (0.1-i0 /Ae- This receited—trarprediveed->etsvicrel-

Mf’ifr‘iiéﬁt "'mdepammmf wive,

o AN . . -

sptically thin gas approximation.

coacluded that:

(1) Beat losds from mechanisms other than the simple hot gas
contsinment (e.g. electrode hest loads, local secoodary
arcs, etc.) have 3o far limited the enthalpy-pressure
values achieved.

( 2) Gas hesater performance substantially above the 1961 state
of the art curve appears technically possible, with

optimm designs. ( } [\
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1. INTRODUCTION AND SIRMMARY

The technology of the arc gas heater or plasma source is relatively
nev, in spite of the vast background of arc technology. Electric
arcs have been studied for nearly a century, and utilized very extensively
for many applications since the turn of the century. However, except for
a few chemical processing applications, the primary purpose of most arcs
was either the melting of solid substances or the production cof visible
and OV radiation, rather than the productinn of arc plasma for its own
sake. Still other important applications are those in which the arcs
are unvwanted and destructive and must be "quenched” or blown out
(e.g., switch gear).

In the past 10 or 15 years a oumber of new technical fields have
arisen which specifically require very hot gas (or plasma) above the
chemical -ombustion temperature regime and at relatively high densities,
pressures and velocities. Among these fields are, starting from the low
temperature end:

The spraying and welding of refractory materials

The simulation of atmospheric re-entry flight conditions,
i.e. plasma wind tumnels and heat shield test jets
Electric (plasma) rockets for space propulsion

Some aspects of thermonuclear fusion and astrophysics

research.

For several of these applications the plasma generator must operate
contimiously at the highest technically possible gas temperatures or
enthalpies, and at pressures ranging from about one to several hundred
atmospheres.

The arc gas heater (or arc jet) is to date the most practical and
versatile continuous source of high density plasma, though it can and
will be augmented by various methc is of magnetogasdynamic ("MGD")
punping. As 2 result the design of arc devices for the heating of gases has
been developed as a highly specialized art over the past decade. Many

configurations for the interactioa of the arc and the gas flow have been



avolved, mostly empirically and intuitively, and used with varying degrees
of success in the comtruction of wind tunnel gas heaters and laboratory
wodels of phma rockets.

It is the putpou of thisreport to contribute to the understanding of
the arc jet gas heater parformance snd fts limitations. It is hoped that
the results presented will:

Lead to morve reliable long range estimates of the ultimate performance
potentials* (in terms of pressure-enthalpy envelopes) of such devices,
for different gases, sizes and other conditions

Permit much more efficient and less costly develcopment of specific
devices than was possible by purely empirical methods, and where
necessary, & closer approach to the "ultimate" technical limits of
porfomncci.

All the results presented in thisreport apply to one particular arc gas
hester configuration which we call the "coaxial flow discharge”. 1In this
the arc discharge and the gas to be heated are passed through a cylindrical
diacherge tube or "constrictor" (Pig. 1 ). This general arc gas heater
geometry or family baced on the use of such a constricted flow discharge has
been found to 'yleld the highest mean gas temperatures (or enthalpies) among
the mzny geomstries which have been studied and tried; and there are good
physical reasons vhy this is so.

However, some of the analytical i:uulta presented here are perhaps of more
genaral validity than the performance limits of a specific geometry or con-
figuration would suggest. The "hot gas contaimment limits", though calculated
for the specific coaxial flow discharge case, are likely to be at least approxi-
mately applicable to any hot gas contained in or flowing continuocusly through
& solid walled container or nozzle throat, regardless of the method by which
the gas was hected. The reason is that, as long as heat conduction to the
"cool” walls s a major factor**the temperature profiles across guch a hot
gas flow will quickly approach some “"near parabolfc" shape, Por the radi-
ation contribution to the wall hoat load, the detailed temperature and
pressure distributions are relatively unimportant,:within the "thin gas"
epproximation used here. Thus, the relations between mean enthalpy, mean
ﬁatring sove breakthrough advance in mater!-1ls or in gas heater concepts

%® We are spesking here of average gas temperatures between ~20,000 and 38,000 K

or higher, vhile s scolid wall of any knowa material will be bolow ~4200°K
2
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presours and wall heat loads which are given, should be approximstely
wvalid for sny general case within the regimes treated.
© The flow discharge through a cylindrical tube may be roughly subdivided
fato tuo voginmes, 4f the dischargs tube §s sufficiently long. PFrom the end
where the cold gas flows in (with tha arec column in the center) to same
distance dounatream we have the "ialat™ or “gas heater™ region in which the
msan enthalpy of the gas and the properties of the discharge change rapidly
in the axisl direction until all the discharge and gas parameters (except
the prassure) approach some asymptotic comdition (to within a specified
eccuracy). From that point on,the arc and the gas flow and tempersture
distributions remain substantially unchanged except for the slight axial
pressure gridient sad s corresponding saall pesitive axial velocity
gradient. This s designated as the “asymptotic™ or "fully developed"
comstricted arc columm region or “arc heated Poiseuille flow™.®
The fialet or gas heatex regioa l; the most {mportant one for engineer-
fog applicatiocans, {.e, for arc jet gas heaters. However, the asymptotic
vegims, which §s mathamatically &3 well as experimentally such simpler,
gives consilereble insight aleo inzo the performemce limits of the heater
regims. The sarymptotic "infimitely long™ comstricted arc columm (with or
without leninar coaxial gas flow) has besn extensiwvely studied at least
since tha early 1920°'s, and there is a vas:t body of literature on this
®“olassical™ problem. HNHost of this {s well suxmcrized in Refs. 3,4 and 2,

. The ialet region and other flow discharge cases with axial gradients have
baea workad oa intensively only {z thoe last few years,except for an out-
standing series of experimental studies om oswitch blow-out published at
the Siemers Ladoratories im the 1930%s (Bef. 6 ). Ouly wery few papers
desl with such discharges sualytically. (Refs. 6, 7, 8, 9, 10)

The present report utilizes and cxtends results for both the Asymptotic or
Pully Develcped Arc Column and the Lalot Degion. The first part of the
report deals with cases (pressure, tubs size, ges type) for which the
radiation froa the gas to the wall {2 eaisportant compared with thermal
cenduction. The first ovdar smalysie of the inlet regiom by Stime and
Gatson (Rat. 8§ ) bBut with expirically adjusted material fuaction constants

*Those flew regimes and the approximate methods wsed to describe and analyze
them are discussed in Refs, 1, 2, 5, and 23,

&




(i.e., using "effective” transport coefficient derivatives) ic compared
with experizental measurements {n three different gases, each owver a
range of current and mass flow values. This shows that the Stine-Watson
theory, in spite of its drastic simplifications, leads to a satisfactory
engineering description of the inlet region where radiation is negligible,

From the expirically ad justed Stine-Watson relations one now has a
velation between the radially-averaged enthalpy of the gas at the heater
outlet and the wall heat load, for the case of pure conductioa only.
This gives the first approximation to the "hot gas containment limit™ on
the enthalpy pressure chart for small arc heaters of specified size, but
it cannot give an "absolute” containment limit. According to this de-
scription, the "attainable™ enthalpy would increase findefinitely with
increasing size. More precisely stated: this theoretical model, which
neglects radiation, loses even qualitative validity above certain size-
pressure (or power) levels where the radiative heat transfer becomes
dominant,

Yo obtain a valid "absolute™ limit for the containment of the hot gas
in a cylindrical constrictor, the radiation contribution to the wall
beat load must be included, Before discussing this we point out that,
for the caiculation’ of this performance limit, i.e., for the relations
between wall heat load and mean gas enthalpy and pressure, we do not
need an inlet flow theory, since the inlet (or gas heater) flow dis-
charge approaches asymptotically the fully deweloped tube stabilfirzed
column case., If one attempts to achieve high mean gas enthalpies in
an src heater, the constrictor must be long enough so that the fully
developed end condition is closely approached (say to withia 10 percent).
Thus the wall heat loads near the heater outlet will also closely
approach the heat loads of the fully developed flow-coluzmm, Thus the
theory ~f the fully developed flow-column, i.e., the asymptotic limit
of the heating process, s sufficient for these order of magmitude
calculations of the containment limit., For this we use the "Bessel
model” of the arc columm tt gether with the linearized calculation of
the mean enthalpy as used by Stine and Watson.




Ia Liz3 with the approxicete mature of this calculaticn, warious
sfmpla eppreximsticns to the rediativa from the gas are istrofuced imto
th2 colomm theoory. Coe of these (Josigmeted &3 Lzw Edb, 3 ca Fig, 14) is
welld for enlorcte toopsvotuges (op to .as,m"x, for the goses of interest
beora). This woproconts te Ioglesl extonaica of the Dessel xodel to fwclude
redizntica. The sccurscy of this gpprorizatica is werifiecd by eupari=maxntal
gourencats covericg this tesperaturs rangs. Oa thas performaace limie
dut, this lowax temperature regims covars ths highest pressures.

®ith radiatica {mclufed the comtaicmcat limit cslculatiom Lmmedistely
leeds to sa optimum comstrictor or tude sizs, which liecs where the
rodiotive sed cenfuctive beet lood comtributicms are abort egual. This
also cpocifies sa epproxicute optimum pover level for the hester at each
prescum-eatbaley poict. IThese sre prodably the most important quali-
tative results of the study. hem the optiswm size and tae sllewable
=all hest load ave chosza tha calculatica them gives sa “sbsoluts
techaical limit®™ lime oa ths pressurs-enthalpy plane for comtiouous
pos booters, over the regiom3a wihzra tho varicus approximations are walid.

The walidicy of tha'optically thila pas™ approximation, ured throwghout
tkis study, is werified s postericri for each casz. That is, the
calculsted contaiosent limit {8 considered walid as long as the optismem
sioe aad pressure value obtaised lies withia the thim gas region by
seversl criers of magaitude. &8

Ssother sinple approximstion to the radiatioa snd electric conductivity
fanctions (dssignsted as Lew Wo. 1 om Fig. 12) appears suitadle for the
Js:om-ao,em‘x rasge ia mitrogen, srgon sand similar gases, f.e., for the
Bighest attaissble eathalpies at low pressures. Ihis results ia the
well known Wire or Persbols wodel of the src colwmm with radistioa
(ief. 4). Ia calculating the limitizg enthelpies it was found that

@ The contaismeat linit bssed on the thin gzs essunmption represeats a
"local® maxismme. Nexce we sust cocsider the poasibility of emcoeding
this linic with aa extrevely large device shere self absorptioa would
prsfanisrte. The check assyres wo thzz this size, Lf it exists, is beyond

the resim of gpreseat practical conmcidersiicn.
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the total current values beceme high encugh that the magnetic "pimch™
pressures would be an apprecisble fraction of the gas pressare in the
ceater of the arc. Esance rhis pressure correctica vas focluded. This
contaiozent calculatioa for the wall stabilized discharge must be
terminated when current and pressure valuss are reachod vhich make the
wall pressure go to zero, i.e. ubere the magnetic coctainment begins.
The aew contsioment limit curves on the enthalpy-pressure plane are

compared with a purely espirical enthalpy pressure eavelope of wind
tunnel arc gas heaters, compiled vecently (Ref. 11). They show
surprising similarity in the high pressure region vhere the curryeat
values are moderate (2 fev hundred to 8 fev thousand zmpere). In the
low pressure regime, the enthalpy limits of the contaioment calculation
are such higher than those achieved in practice, but the correspoading

total current values also sre extremely high (- 10,000 - 70,000 amp).
Hence in this regime the gas beater performsnce appears limited not by
the simple hot gas containment calculated here, but by other techaical
iimits, presumably omn the electrodes.




Por tha mﬁm&al stuly of the interactioa botwaca the positive
eolu 1022 of &3 elaztric are vith gas flsving coaxislly with the axc, an
epparnins wus fobriestod cruslieoting primcipally of ea arc-coluuzm coataiouent
sectlicn, a cothode, ead en ensle assaably. Thae asscubled spparatus is showan
schemstically im Fig. 1 and in the photograph of Fig. 2. The main
fuxcifions of this apperatus are to provide for:

Extending the positive columa of the arc over & sufficfently
loag distance throvgh a8 circular cylindrical chacnel that
fafluunces of the electrods attachmzeat regioms om the gas-
column izteracticn are negligible.

Measuring the gradisat of: (a) eme2rgy transfer from the
colum to the walls of the chamnel, (D) electric potential,

{c) gas przesuve.

The spparatus wvas mounted verticslly to a tubular test chanber
eguipped with a pyrex port for viewing the efflusat froa the exc sapparatus
end & cooler for cooling the gas. The test chexber was in tura connected to
8 vacuen pusp.

Ihe columm contaivsent sectiom is made uwp of weter-cooled copper
sepgusnts, each of which 1is electrically snd thermally insulated from adjacent
segments or components of the spparatus. These segasuts have aa internsl
dismeter of .5 cm and ave .25, .50 or 1.0 cm thick. The assexbled columm
section was varied in length from 5 to 10 ca. Insulstors for the segmants
coasist of sa imcer disk cf borom aitride surrounded by sm outer disk of
trsasite. 7The outer edge of the transite is coated with a thin film of
siliccas rubber to form a gas seal. The borom nitride disk fits inside
the transite disk with costsct at three smll tabs equally spaced arcund the
pecsighery of the borca mitride disk. These tzbs maintsin the disks concen-
txic with the holes iz the coluun segnents vhile limiting the hest conduction
to the outer disk., The thickness of the insulstors is adout 1.0 mm.

.Bach segnent forming the columm coataiament sectiom of the sppsratus
is separstely cooled by water which flows throsgh 8 circulsr finned pessage.







Beat flux voluss sbove 10 ku/cmZ, bazed on the fntemal cylindrical
surface erea, hove bocn macsured with thase segments.

A mimi ersgoten cathode vas used for those cuperiments. The
point of t22 cothads vos lecsted at the imlat of the first segmeat.

It £ courmn proctice fa arc heaters to imtroduce the gas fnto the
basting choslor by tougestial f{mjection caueing the gss to flow through
the berting rogica with 8 vortex motica., Coasiderable speculation as to
the usefulnzss or édeeirability of this wortex has occurred and no concrete
saswvers hzve yot emerged. For this recason, the experiments were carried
out with gas injected both exislly and tangentially ncar the cathode tip.
In the lattar cass the angle of injecticn was beld mnstant at 20°.

The gnode ascexbly is located adjacent to the gss exit end of
the colusn scction. Aftsr starting tha arc to the first segmeat, power
supplies comnacted batuecn the cathode and the suode assembly are
energized and the arc throxgh the coluzn contsimment section is established.
The avcde is ef 8 diznoter severzl times larger then the column section to
provide for the capsbility of vary lorge curreats bofors exceeding cooling
hezt flux liz:its ot the gacde. The erc sttachkwent point of the ancde
sarface is couzed to xotste sround the snode by a sclezcid coll which
surrounds the sacds. Tho mugnatic fiald preduced by this coil is limited
to 8 megligidla styexgth cutside of the sucde region by an irom housing
around the cocil.

A sscond gas inier is provided in the smode. It is possible to
bleed argon in through this hols, so that the acods sttachasat poiat will
alweys occur in sa atmosphere of srgon, independent of the type of gas
flowing through the ccluen. Experience has indicated that anodes suffer
least excsion sad behave most stably, when the ambient gas is argon. This
suxilisry gas inlet also provides a mesns of comntrolling the gas pressure.
Siace all of the gas passes through a socaic orifice betwveun the snnde and
the vecuus punp, the pressure ia the coluan can be ceatrolled by changing
the mass flow of ges through ths second gas inlet. It was possible to
coatrol the pressure to within £ 3 mm at pressure levels of cver one

atucephere using this techaiqus.
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2.2 Measurements
The variables asssured during these experiesnts sre as follows:

a. arc current

b. wvoltage of each segzment

c. total arc voltage

d. heat transfer rate to esch segment

e. statfic pressure at each segment

f. gas mass-flov-rate,
Also, in more recent experiments, some of the segments were equipped with
quartz viewing ports; measurements were made of radiatiomn intensity and

temperature distribution by spectroscopic methods.

Some difficulty was encoutered in making accurate mcasurements
of the potential distribution in the column. One reason for this is
that the iouized gas is surrounded by an annulus of cold um-ionized gas,
especially near the inlet. This then makes it somevhat uncertain as to
what potential the segment will assume relative to the potential of the
gas on the axis at that position. Without ary real justificationm, {t

R AR G s S e

was assuaed that the measured segaent potential reflected the sverage
potential {n the gas over that segment. Some rather elaborate cslcula-
tions on radial potential distribution and sheath poteantial drops would
have to be made in order to obtain more accurate estimates of the relation
between the measured potential and the true electric potential on the
axis of the discharge.

The current range covered in the experiments was from 100 to
200 amperes. The mass flow rate was varied from .070 gm/sec to .250 gm/sec.

2.3 Results
From the experimental dats the following heating rate and heat

loss rste parameters were calculated:

Heating Rate Parameter: _g?;
Heat-Loss Rate Px-sueters: %

From the Stine-latson spproximate soluticn (Ref. 8) for the sarc colusm
wvith a coaxial gas flow, these parameters are sren to depend esssentially

11




oaly ca a dimensionless arc length given by:

zlzo - z/® (;‘%) ~ z/@a
Typical results, those with belfum, are shown in Figs. 3, & and 5 vhere
% and “m are plotted against the length parameter, z/a.

The data in Fig. & for tangential injection of the gas are
virtually identical to the data in Fig. 3 taken whean the gas had no
vorticity. On the other hand, the results showm in Fig. 5 from a
seperste experiment also vith tangential ‘njection, indicate significact
differences from the other data. Much wmore power is transferred to the
inlet segments and the difference between the two curves of 2RV/a and
22Q/i&l remains much lower than was observed in the other tests. Ten-
tatively these differeaces are explained by assuming that the primary
vortex becams vastable resulting in secoundary flows vhich carried hot
gas from the arc region back onto the surfaces of the inlet segments.
This would tend to increase the heat flux into the segaments near the
inlet while simultancously reducing the average gas enthalpy. The
implication frcam these results would appear to be that the vorticicy
ia the gas does not make any marked improvsment in the gas heating
process uhile utiousl.y degrading the heating capability of the arc
1f the vortex becomes unstable and sets up secondary flows.

Points were read off the average curves through the data of
rig. 3 in order to obtain the efficiency and fraction of maximsmm
enthalpy as a function of the coordinate z/i. The value found for the
maxinm enthalpy can be expressed as follows:

=h
& meters joules
———I = .239 x 10 —p— -

This quantity, as shown in Fig. 3, is just the difference between the two
curves 2XV/a and Z2Q/&l in the region vhere these curves have become
perallel to each other.
2.4 Correlation of the Experimental Data with the Stice-Uatson Theory
There are several techniques avafilable to use in an effort to
obtain a correlation between the experimental data presented in Section

12
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2.3 an? the theory of ftine sxd Eatson. The moct direct method would be to
plot curves of extl2alpy snd electrical conductivity vs. the thoermal coa-
ductivity ictegral sod evaluate the slopes of a linear spproxismation to
these curves., This would then enchle us to evaluate the quantities

"t

it

Using these guantities, it would be possible to plot the experimental data
om a wniversal non-dimensional plot of

and
2

v =
vs.
:° !. o
and
bl 4
——g_ ot '.. —
xR q 5, z E I 5,

These plots of experimental points could tken be compared with the theoretical
curves for these quantities that sre presented in Ref, 8. This approach was
sot feasible at the time the data were reduced since the transport coefficient
data vecessgry to odtain these curves were not availsble. An alternative
spproach, which works backward from the experimental data, i{s outlined below.
From the curves drawm through the experimental points (e.g., Fig. 3)
it is possible to deternine efficiency of energy transfgr to the gas and the
zatio of the local average gas eanthalpy to the asymplotic gas enthalpy, which
was evaluated in Sec. 2.3. Data representative of these quantities for
beliwa, hydrogzn and asmonia are showvn in Fig. 6. The shapes of the
efficiency carves for helium snd hydrogen anear the inlet indicate, by
comparison with the theoretical curve of Stire scd Hatscn that the measured
efficiencies are significantly higher than the predicted efficiencies. The
theoretical curves have only one curvature, wherzas the experimental curwes
go through a reversal of curvature near the inlet. It was decided to ex-
trapolste the efficiency curves for helium and kydrogea up to the valus ome
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at the curvature exhibited over most of the curves. |

The values of z/& vhere the efficiency curve intersects the value
dh

one was taken as a new origin. The value of 38 Vvas then compur ed from the

value of z/im where the efficiency was equal to 0.50. The equation for

evaluating the quantity is given below:

z

dh
G - 75 @

i= .5

The quantity (;..z-)ﬂ -.5 is the corrected value for the extrapclated efficiency

curve as described above. In this way, the experimental and theoretical
curves were fitted at efficiencies of 0.5. It was then possible to plot
points from the experimental efficiency curves onto the theoretical
efficiency curve over the whole range of z/zo for coxparison. This was done
to obtain the results presented in Fig. 6. It is seen from this figure
that, vith the rather arbitrary shift in origin used, the agreement between
the experimental points and ﬂﬁ theoretical curve is satisfactory.

Froa the values of (-T:) determined from the asymptotic difference
zp

between curves of V/m and —= , it was possible to evaluate the quantity

1/2 a L
(:—‘3) :

(%2)1/2 " 261,6 (m;m ) }E
a3
The experimental values of h/h_ were plotted ia Fig. 7 against %z
and compared wi_ h the thecretical curve from Ref, 9. The agreement here is
not as good as was obtained with the efficiency, but still appears reasonable.
The following general comwents can be made concerning the correlation
between the theory and the experimental points.
1. For helium and hydrogen, the experimental data iodicate that
the gas is heated more efficiently near the inlet than is predicted by
the theory. This is not surprising, since it is near the carhode attachment
point that the assumptions of the Stine-Watsan theory would appear to be
m2ost unrealistic. In this region, the discharge channel diameter is

probably much smaller than the diameter of the gas flow channel, hence the

18
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SRR

s

g3 would be ebsorbing almost all of the electrical power from the discharge.
t™This would eccount for a higher efficiency et the inlet than prodicted by

this sizple thaoxy.
2. ¥or hydmozcn, where o vs. ¢ 2nd b ve. § curves vere available,

the walucs of %"* and £ vhick produced the fit to the dzta are not far

¢ 4
from tho3z ona would resd off the hydrogen curves., The differences are
well within the expected accuracy of this very simple theoretical model,
3. The seal-cmpirical (i.e., "fitted") Stine-Watscn curves

(L.0., Figs, 6 and 7) seem to approximate the measured trends for
eagliuzering purposes,




3. PUYSICAL TRENDS AT
3.1 JFhysical Procesres
In a survey (Ref. 11) of nitzogcn and air sze hoaters, it was

found that the performance limits echieved by maay differemt deovelspmmat
groups, using widely different gecmetricsl configuraticas, all sccosd to
fall onto a fairly distinct band on tha pressurc-enthalpy map, IThis re-
affirms our intuitive belief that all the more promising arc beater desiga
approaches must, in the end, run into the same physical or technical
limitations. Hence the "State of the Art Envelope™, if it is meaningful,
oust be closely related to these techaical limitationc. Raturally we wish
to understand this connection and find cut how closely the preseat designs
approach what might be cousidered “absolute™ technical limits, with kanown

materials and techniques. This would give us an indication of how much
"room for improvement®™ we should expect to exist without a breakthrouzh er
discovery of an entirely new and different approach.
The following physical mechznisms are likely to limit the ulti-
mate obtainsdle performance of arc heaters:
The hot gas containment limits, imposed by conduction cor coa-
vection and radistion heat transfer and the highest allowable wall heat

losds of the containing vessel,
The heat retention problem of the gas, i.e., the allowable

residence time of the heated gas vs. the time (volume) required for gas

relaxation and mixing.
The electrode surfacaz problems, i.e., the accomrodation of the

extreme local transient heat loads due to cathode and anode arc contractioans
(spot formation), in addition to the high mean arc chamber heat load. These
three physical concepts are intimately related to the performance limits of
all arc gas heaters. There are other important pfoblen areas to be considered,
but these do not suggest obvious physical limits to the potential gas keater

perfcrmance,
In this report we intend to discuss only the hot gas containment limits.

Further, we will confine the study to a configuration in which the gas flows
axislly through an axisymxetric electric discharge.
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The physical quantities that will tend to cause limits on the map
of enthalpy vs. pressure are heat conduction, "magnetic" pressure, radia-
tion from the gas, and the dimensions of the arc heater. At the pressures
and temperatures of interest, complete electromagnetic gas containment
appears out of the question. Consequently, thie walls of the containing
vessel must withstand the full conductive (or cenvective) heat loads as well
as that imposed by radiation from the gas. The following simple considera-
tions will indicate the general trends and orders of magnitude involved.

In the arc heater or mixing chamber, the gas enthalpy distribution
will be very roughly parabolic near the center and logarithmic near the
walls. Radiation and turbulence will tend to flatten the enthalpy profile
near the center, a thin arc filsment along the centerline may steepen it a
little, but by and large the profile will tend to return to its stable shape
dictated by heat conduction.

1f the mean gas enthalpy in the container ﬁ; is given and if the
dimensjionless profile (h/hv vs r/R) is assumed independent of the size, then
it is evident that the wall heat flux due to conduction and convection will
be proportional to the mean enthalpy and inversely proportional to the

vessel size:

w‘nml

(=
qCOﬁ

The radiation intensity per unit volume, Pr , will, for the region of
interest he~~, be roughly proportional tc the electric conductivity (or

the enthalpy above a certain level) and to the pressure. Outside of

the luminous or conductive region the radiation will be close to zero. For
an optically thin gas, all the radiation strikes the wall and is eventually
absorbed by the wall, even if there are several reflections. For similar
enthalpy profiles, the amount radiated increases as Rz, or the wall haat

flux due to radiation increases like R.
AQad = PrR f(Ht and shape of h distrib.)

As the heater size and pressure are increased, the radius eventually can
become large compared with the optical path length and the radiation flux

no longer increases with the heater size (grey gas approximation). Certainly
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% ad will never reach or exceed the black body intensity corresponding to
the peak temperature in the ceanter of the chamber. The total heat flux

on the container wall is the sum of the convective and radiative contributions
‘.
qv = qcon qrad

H

~kci-t-+ k, PR £(8)
Clearly, for very small chambers and low pressures the conduction
term will dominate, while for large chambers and high pressures 9 ad will
dominate. 1In the region where the gas is optically thin there will be a
"best size" chamber for each pressure and enthalpy, that which makes the
wall heat flux a local minimum. Conversely for each pressure there will be
a highest enthalpy wvhich can be accommodated within a given wall heat load
(say ~ 10 kw]cmz). This will furnish one pressure-enthalpy containment limit,
assuming that the "best size" can be used.

It is possible that for extremely large chamber sizes, in the grey
gas radiation regime, still higher mean enthalpies are possible because there
the wall does not "see™ the hottest gas in the center. However, this is
likely to occur outside of the practical size range of the tunnel heater,
since this size is limited by other considerations. Thus the containment
limit for any allowable q, gives us a first limiting line on the pressure
enthalpy map, at least for chamber sizes within the optically thin gas
regime. At the same time this limit, if we have to approach it closely,
prescribes approximate optimum chamber sizes for each pressure.

When the arc current is raised to large values, the radial forces
in the discharge will tend to increase the average pressure in the heating
column above the value at the wall. This effect imposes another constraint
upon the heater and we expect that it will result in another pressure-
enthalpy contaimment limit that the average gas pressure cannot fall below
certain vaZues which are dependent upon the average gas enthalpy.

An attempt is made in the following section of this paper to map

cut the attainable regions in the plot of enthalpy vs. pressure for air.
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Some of the physical processes ianvolved are described omly in a very
approximate manner in order to csarry ocut this study. Despite this, the
trends obtained are expected to be valid and the limiting values obtained
to be correct to vithin a factor of better than 2.

3.2 Analytical Approach
A study of the containment limits for a hot gas resolves itself

into attempts to solve the energy balance equation. When axial conduction
and radial c.avection are neglected, the equation describing this balance

can be written as follows:

25 (1)

Tom - trexBer -
The quantities h, K, Pt, c, are in general, all coaplicated functions of
pressure and temperature. These transport properties have been computed
by a number of investigators. One of the latest evaluations is that of
Yos (Ref. 12 ). An estimate of the complexity of the relatioanships can be
found from examining the data in Figs. 8, 9, 10, taken from Ref. 12,
vhere K, o and Pt for air are shown as a function of temperature and
pressure. Clearly, no simple general solution to Eq. ( 1 ) can be
obtained. Attempts to obtain approximete solutions for the energy
balance in an arc have a long and colozful history. Many models have
been postulated, and the results of each have some validity over restricted
temperature and pressure regimes. A complete numerical integration of the
equations is almost out of the question, hence models will be used to study
arc heaters for some time to come. The need for realistic approximations
is becoming increasingly important as theory and experiment are now being
checked one against the other and theory is now being used to aid in the
design of arc heaters.

For many years effort was concentrated on solving only the problem
of the asymptotic arc, i..., no gas is flowing through the arc or else the
gas has been heated downstreaw to the point where %; (owh) = 0. From
stud-es of this kind it is possible to obtain unique relationships among

the average gas enthalpy, the heat flux rate, the pressure, the arc
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current, the arc radius and the radius of the containing cylinder. This is
adequate for determining the ultimate performance capability of arc heaters.
Also, correlations between theory and experiment are best made in this
region, when it is possible to use the theory and measurements to determine
the electrical and thermal conductivity of the gas.

When more information about the heating process is required, it is
necessary to solve Eq. (1) completely. This solution supplies the additional
information of the heater length, the efficiency of the heating process and
the voltage that must be applied across the heater. In order to obtain
analytic solutions in the heating regior, it is necessary to have the
radial profiles "similar" gt each axial position. This restriction makes
the solutions somevhat unrealistic near the heater inlet, hence the initial
heating of the gas as it enters the arc is probably not described too well.
In general, this is not a serious objection to the theory, since no critical
problema in heater performance occurs here.

The first major breakthrough in the technique of handling this

equation in the regime vhere-g; (owh) = 0 {asymptotic regime) resulted from
T

introducing a new variable + = S K dT, instead of using the temperature
ftself. This greatly sinplifiedothe determination of the radial temperature
profiles. Once this was done, progress in obtaining solutions to the more
general problem of the rate of heating of the gas has been rapid. One of

the most useful approximations in solving -his problem has been found to be

hooh =G ep)

T

vhere :h is independent of pressure. A plot of h - hl vs. ¢ - &) is shown
in Fig. 11 for nitrogen and the linear approximation is shown to be quite
good. To a first approximation, :h is also seen to be independent of
pressure. It should be noted that this quantity is the ratio of the specific

heat of the gas at constant pressure to the thermal conductivity:
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Varicus relations smong ¢, O, and P exisf over rostricted ranges
of tesperature for different gases. Some wm& of the epproximetions usced
and of their validity can be odtained by exczining Figs. 12, 13, and 14,
Here the electrical conductivity O z=d the power rodisted por vait volwe
Pr is plotted vs the thermal cenductivity integral for soveral grees. An
atteapt is made to obtain a straight line spprozization betucen O or P .
and @ in all cases for a given pressure. Iz aleost all cazes it is
assumed that the electrical conductivity is independent of the pressure.
When this is done, the only quantity which mttodx.wwg%_the rrassure into
the analysis i{s th» radiated power per unit volume k. Ad attempt
made to list which cases have been studied and vho tlze iavestigator was
in Table I. ,

One of the aims of this paper is to map out the physically
attainable regimes on the enthalpy-pressure map. For this purpose,
solutions to Eq. (1) in the asymptotic regime are adequate. Accordingly,
two solutions to the problem are presented in the following sectiom for

two different aprroximations for the relations among the thermal conductiom
integral ¢, the electrical conductivity of the gas O, and the radiataq

power per unit volume from the gas Pr'
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4, ANALYSIS »
4.1 Low Enthalpy Solution for Air Arc Heaters

When the air temperature is below 15,000 OK, the gas transport

properties can be approximated reasonably well by the following relations:

h-hl-g%@-h) (2)
dPr b

o= (gPa ) (4 - ) 3

o= %% (4 - *1) 4)

The subscript "a'" refers to atmospheric pressure as a reference.
The subscript 1 logically refers to that enthalpy or gas temperature at

which the electron density becomes negligible., This point is, however,
usually determined by extrapolating the straight line approximations
between + and o and between é and Pr to the § axis and ensuring that the
same value of +1 is obtained from the two lines. Whan these values are
inserted into the euargy balance equation a solution is obtained for the

case when %; (owh) = O,

The solution for the radially-averaged gas enthalpy can be written

as follows: 2 2
2.4 8 1 (l)z-ﬁxn'-‘-+ i (5)
T 2.4 2 T, 4

h ~h, =
avg 1 r, 2 dP 1/2

1/2
=’ 5 G [1 * @D G

In this expression, r; represents the outer radius of the arc and R
represents the wall radius, The wall heat load which now includes

the radiation and conduction heat flux can be written as:

r, 2 dP_ 1/2 r,
v 1+ G g | 3 (6)
a
% = 1/2

2x ri (g%)
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When p - 0, these two expressions reduce to the value found Ly Stine and

Watson in Ref, 8 , for the average gas enthalpy and wall heat load. For
a fixed wall radius and arc current, it is apparent that the radiation heat
load increases the wall heat load and decre:sses the gas enthalpy. A rather

simple relation exists between the average gas enthalpy and the wall heat

load:
2 _ 2
28b] L U GO Sl
af [ ‘2.2 2 T, 4 )

2[1+ Gl Ly ‘T’ P—:]

A simjlar expression can be found for the gas in the region between the arc

avg .

and the wall: dh R

h -h -R 3; In ;—
W 1 - 1 8)

o E )2 (i;-) ﬁ-]

At this point {t is desirable to determine if some check can be made
o: the validity of the technique by which the radiation was introduced into
the analysis. Accordingly, the radiation per unit length from an argon arc

was dotermined using the equipment described in Sec., 2. Measurements were
made at currents of 100, 180, 200, and 210 amperes, and the ambient pressure
was maintained at one atmosphere. The data from these experiments is plotted
in Fig. 15. An expression for the radiated pover per unit length of arc as a
fumotion of arc current can be found from the theory outlined above.

r, 2 dP
Praa _ 24 __1 T P e )

L r, (da)‘1jz T 2 dP_ 172
d 1+ ) 2.
¢ l: GG (-3;) P,

The value of the arc radius L3 determined from the following relation

*1 - *w R In R/r
- 12 dP
b E+( 7% Capa 2—]

wvhere q, is calculated from the measured power absorbed by a segment. Over

(10)

the current range of 100 to 250 amperes, it was found that ry ~ R now in the
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£q.( 9 ) fo. the radisted power per unit length and we obtain

R r
Prad 1 24 “df’a p, (11)

L " do. Y2 2 dP_ /2
QP {H( D G. T

From the argon transport pﬁgyerties evaluated by Baum and Marlotte at EOS,
ths values of (»;)112 and (-;-) are found to be

q;FﬂL = 5x 105 1 3

meter

1
= 1.0
%% volt2

Using these values, the theoretical line shown on Fig. 15 was drawn in. The

theoretically predicted curves agree with the measured data for the radiated
power to within about 220%Z. More important, the predicted dependence of
radiation upon arc current i3 shown to be reasonably in agreement with experiment,

The experimental and theoretical agreement on the radiation from the
are, combined wiﬁh the correlations found in Sec., 2 for the gas heating rate
in the constricted arc, now give us confidence in using the theory to predict
the ultimate performance capsbility of arc heaters based upon the criterion
that the wall heat flux rate at the outlet end of the constrictor is the
critical heat load in the device. Considerable ingenuity is required in
electrode design to insure that they do not burn out before the constrictor
does, but this can probably be accomplished.

A maximizing procedure to determine the highest radially-averaged
gas enthalpy attainable at a given gas pressure can row be carried out using
the theoretical equations derived above. The gas pressure, p/pa, the gas
enthalpy at the wall, h', the gas enthalpy at the edge of the discharge hl’
and the wall heat flux rate will be held fixed, The value of wall radius R
that maximizes the average gas enthalpy is then solved for, from Eq. (7)
subject to the restriction imposed by Eqs, (6, 10). When this is dome it is
found that the condition for the maximum enthalpy occurs when the wall heat
load s edually dividad between conduction and rad’ation. The complete
solution for the optimum heater performance can be written in parametric

form as follows:
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h, - h 2
1 2[-2) 1n £
1 1
dh
af % R = 2
l"l. - hw 1n r—R—-
1
dh 2
2.4 \r? (3) q, ! .
2x 2 \lﬁ
(o0 L
\h]_-hw) (d / r).
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The expressions appearing on the left sides of these equations can be

expressed in terms of more familiar non-dimensional numbers.

- total heat load
-h) conductive heat load

s Nusselt number = Nu

2 [ dP
(P o h ) - r 2
2 (Nu)2 2.4 d; A
2 42 dh 2
AR T Y B
where
R 2 dpr radiation heat flux
2.4 d a conductive heat flux
(dh\z q, I 2
2.4 V2 a9 - 2p My X
2n boon Ve 1/2 do 2 [ RV an? g?
1~ "]ld Mo a6 W | 2.4
where
do 2<:.R )
Ho 3; LAY - mass transport diffusivity
2p magnetic diffusivity
oe magnetic Reynold's number
and wvhere
I2
Ho - -R3gnetic pressure
4“2 RZ p static gas pressure
. = magnetic pressure number
40
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By assigning values to ;3- of from unity to infinity, relations can be
found among the four quantit{es on the right of these equations,
Values can then be assigned to the constants and relations found among the
pressure in the gas, the average gas enthalpy, the arc current and the
radius of the arc heatiang cylinder or constrictor. The following values

were devrermined for the constants for air from Refs. (8, 3).

%%. 5.37 x 10°

meter-sec
kgm

4 meters2
RTO = 7.87 x 1V —
sec

p. = 1.01 x 105 hewtons

meter2

Using these values, for each assigned wall heat flux rate, 9, it is possible
to establish a curve in the plane of R%XK versus ~, The arc current, con-
strictor radius and power in the gzas cafl also be eStablished at each point
along this curve., Accordingly, the lower sections of Figs, 16, 17, and 18,
where the linear approximations of Eqs., 2, 3, and 4 may be expected to be
valid, were calculated and drawn in. Theory and experinent have established
that 108 watts/meterz or 10 kw/cm2 is near the maximum heat trarsfer rate
that can be conducted through a metal without melting the surface. Heat
loads of this value have been obtained with water cooied copper where the

heat load was produced by an arc. The curves for lower values of %
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establish how the performance capability of the arc heater is degraded
vhen the constrictor components are not cooled as well as they might be.
The data establighed from this evaluation ere expected to be valid
up to temperatures of about 15,000 °k for the gas, or enthalpies of about
o
o

the relations among the tharmal conduction integral ’, the radiated power

1000, PFor enthalpies above this value, other approximations for

per unit volume Pr and the electrical conductivity o must be used.
4.2 High Enthalpy Solution for Air Arc Heaters
The transport properties of high temperature air (T > 15,000 ol()

are quite different than those for low temperature air and can be described

apptoximatelf by the following relations:

h - hy = %% ¢ - *1) (19)
P 2

P -( Pr)a ( p.) (20)

O m O. (21.‘

The radiated power per unit volume 1s evaluated at atmospheric pressure,
hence the subscript "a". The quantity h1 is introduced to define a
temperature at which the approximations for Pt and g cease to ba valid.
As the arc current i{s increased and the gas pressure is reduced,
it will no longer be possibie to neglect the radial pressure gradient
caused by the pinching forces of the arc current interacting with its
own magnetic field. Since the radiated power per unit volume depends
upon the local gas presrure, there will now be a strong interaction
between the enthalpy distribution in the arc and the arc current.
An expression for the radial distribution of pressure in the discharge
can readily be found because of the assumption of constant electrical

conductivity.
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(] 2 2

P=p, + 4,(2 ,‘* (tl -T ) (22)
1

Tha further gssusption 16 now mada that R Ty, OF that the discharge
£f41ls the constrictor. This ascumpticn will be checked later in
order to determine the error intrcduced. The equation for the pressure

now beccuas

x2
- 4 ) @&? - 12
P P' "2 R‘. _ (23)

A solution to the energy balance equation can be found using the relations
discuesed above. Once again, only the so.ution when %; (pwh) = 0, will
be discussed, although th~ general solution can be obtained. As in the
previous case, it is possible to determine an arc radius for highest
enthslpy when the pressure at the wall snd the wall heat fiux rate are
hald constant., The condition resulting from this optim!zing procedure
gives a retio of the heat lcad duc to radiation to the total heat load

at ths wall

’ 2
9ad - 1 1+ (Rc)n + 3'(Re’n

2 2 (24)
R
vhere (n.)n - "°'a b
v

Yor lov values of tha magnetic Reynold's number (R‘)“, the heat load is
found to divide equaily betwsen radiation snd conduction. This agrees
with the distribution found in the previous caze, where it was tacitly
assuned that (l‘)“ «< 1. A sat of parametric relations can now be
found smong the average gas pressure, the average gas enthalpy, ths
congtrictor radius and the arc current.
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2 173
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qv a :’T {R ) [ (R ) ] J
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The exprcasions on the left of these equations can be written in terms of
the four non-dimensional numbers found in the previous solution, with some
slight wodifications of definition. The values sasigned to the various
sonstants for air over 16,000 °k are listed below:

dh 3 mater-rac
a}' - 5.37 2 10 ké‘;""""

4 rhoa
g = 10 er

10 watts
(P) = 10 ——e

ra metcr3

h,
vl 1000
nxo

An estimate can now be made for the magnftude of the error introduced by
assuning that the discharge extended to the wall., The outer solution can

ba written as: dh R R
" C N
1 w

"
x 2
1 % 1.3 5
2+ 7 Ry +5 )y

[1 + (ne)uj"

Since the expression containing (Re)y varies for 1/2 to 5/6 as (Re)y 8oes
from 0 to infinity, a value of 0.65 is assigned to it. Por arc radli
varying from 10 cm to 1 cm then the radius ratio varies from 1.0l to 1.10.

h
(29)

Ibis indicates that there {s only a small error, at most 10%, introduced
into the calculation, by assuming that the arc fills the constrictor,

As in the previous case, values can be assigned to the parzmeter
(R.)“, and relations found among the average gas pressure fﬁ!; the radially-
sveraged gas enthalpy E%!; the arc current I, the constrictof radius R ard
the power in the gas, Ph? Data from this evaluation have then been plotted
on Figs. 16, 17, and 18, the maps of h/RTb vs p/po for air scc heaters for

values of h/k'ro greater than 1000,

[




Viewing Figs, 16, 17 and 18 as a whole, there 1s a general sweep
from the low pressure, high enthalpy, high current, large size regime out
to the high pressure, lower enthalpy, low current small size regime, The
power in the gas is a weak function of both pressure and enthalpy in the
low enthalpy regime, but climbs steeply in the high enthalpy regime,
indicating that a great deal of power is going to be needed to realize
the higher-than-state-of-the-art enthalpies that the calculatione indicate
are feasible,
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3.  CONCLUSICHS AXD SUCCISIED FUIIME WIRK

1_ For tha design optimization of high enthalpy arc heaters the
8tiua¥ﬁatﬁon type of aunalysls, whan entendcd to include radiation, gives
sdequats cemi-copivlcal forzulas for all the gaszes investigated., That
1s, the dizunsionless paremeters derived from this model adequately
represent the dominant physical effects, and the constants can be
ewpiricelly adjusted to absorb the major errors introduced by the
simple model,

To obtain a more accurate theoretical Jdescription of the inlet
regims, one may have to simultaneously include the effects of the axially
varying discharge cross section, pressure and velocity distributions
including the contributions due to magnetic pumping, and of course, the
nonlinear materfal functions*, The mathematical complexity of this
proeblem then would be of a totally different order, namely that of a
complete, nonlinear, two-dimensional megnetogasdynamic-viscous flow
problem. To the writers knowledge, there exists no general mathematical
sppreach, numerical or other, capable of golving this very ccmplicated
and very nonlinear problem with any "reasonable" expenditure of computing
hours, It is thus clear that one will have te rely upon high.,~ asimpli-
fied snalyticsl models for some time to come,

For the necessarily rough estimates of the ultimate performance
limits, 1.e., for the hot gas containment limit calculation, the asymptotic
coluzn vesults appear adequate, This is understcod when we consider, first,
that the fully developed column solution i{s the condition which the gas
flow at the heater outlet must approach asymptotically, and second, that in
the region where the flow does approach the fully developed solution the
wall heat load is roughly proportional to the average gas enthalpy at each
cros:. secticn, as shown by the extended Stine-Watson analysis and by experiment.

The {mportant result of this contaimment limit calculation
1s tha thecreticel prediction of an optimum conatrictor size for
&1l ceses for which the "optically thin gas"™ approximation reasonzbly

“However, the possibility exists that the radius-of-arc to radius-of-wall
vatio, r, /R, may be advantageous!v introduced intc the Stine-Watson theory

by 1itsell,

50




well represents the total radiation from the arc. This optimum con-
strictor radius varies with pressure liks the square root of the
radiation intensity P. That {is, ‘opt ~ (PlPo)uz at the lover
enthalpies and Rop: ~ e (P[Po) at the highest enthalpies, The
existence of this optimum radius implies an "absolute" containment
limit as long as we remain in the thin gas regime, Only for very
much larger sizes, i.e., vhen the constrictor radius becomes much
larger than the optical path length L %, will this qualitative trend

reverse itself, as shown in the following sketch:

REGION TREATED IN |
THIS PAPER 'I
|
OFTICALLY THIN CONTAINMENT LIMIT
o GAS R/L << | N PRESENTED IN THIS PAPER
RADIATION ' SELF ABZCRPTION
NEGLIGIBLE l | DOMINAYES R/L>>1
. ‘.
7
| ”
| -~
ﬁf/

fe——  RADIATION DOMINATES ——3=

Oe- R/L R/L~I R/L—>®

ARC RADIUS /OPTICAL PATH LENGTH, R/L

* The optical path length L is defined es l/a, i.e., the inverse of tha
absorption coefficient per unit length, . Thus in a gas of constant
conditions the radiation from a point is attenuated by a factor e -

enl, in a distance L.
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Yor many arc spplications with goses liks hydrogen or nitrogen the
optically thin gas regime treated hora covers the sizes and pressures
of prectical importaence, Eowaver, for other gasss such as mercury and
alkalf wotal vopors a8 well &5 for extremoly high pressures with
nitregan,tha “optically deonee” gas regima 48 of practical importance,
This shiculd be treated in & future calculation,

It should be pointed ocut that,for the asymptotic or fully
developed coluun theory, there are no fundamental msthematical
obstacles vhich would prevent us from making the calculation more
accurate. The problem is one-dimensional and the energy equation is
virtuslly decoupled from the momentum and continuity equations except
for the magnetically induced radial pressure gradieant, Thus the
inclusion of the exact material functions, of self absorption and
magnetic prcssure simply make the energy equation more complicated
and more non-linear, but do not prevent the use of numerical successive
approximstion (Piccard type) solutions which can be made "as accurate
as wa please," certainly ss accurate as our knowledge of the material
functicn curves would warrant. This is contrasted with the at least
two dimensional® inlet problem where the coupling between momentum
and energy equations is strong and essential, Thus the fully
developed column solutions with radiation and magnetic pressure, and
the integrated enthalpy of the flcwing gas for this case, can,and
undoubtedly will, be calculated much more accurately than was done here.

A final important open question, and a possible error in this
and most other analyses of the coaxial flow discharge, is the apriori
assumption of laminar flow. It is quite possible, even probable,
that turbulence-like disturbances may be created in the discharge
itself, From the "kink" finstability of the arc one would expect this
tendency. However, besides our present inability to calculate a
"turbulent” flow discharge,there are justifications for working with
8 purely laminar flow model in practice, They are:

1. That the mean Reynolds numbers are in most cases extremely

low, due to the high viscosities of the ionized gas,

* Some instabilities (secondary flow) could here even destroy the axial
symmetry and make the flow problem three dimensional. Such cases are
believed to have been obeerved.
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so that the damping of disturbances must be very high.

2, That the flow near the walls, vhere the tharmal impedance
is highest, is believed to ba stabilized by the temperature
and viscosity gradieat there ("Leces' effect"), and

3. That for the few cases for which complete comparisons have
been carried out,namely for nitrogen arcs (Ref. 26) excellent
agreement between theoretical and experimental thermal
conductivities was obtained with the laminsr model,

The comparison between the gas heater state of the art
performance envelope and the theoretical containment limit curves,
rough and tentative as it undoubtedly is, still leads to the conclusion
that therz appears to be considerable "room" for substantial advances
in gas heater performance, i.e. for higher mean enthalpies at all pressure
levels, but most of sll at the lower pressures. We note first that a
vwell cooled thin metal wall can stand heat loads of 10-15 kw]cmz (plane
slab conduction and cooling) and even higher values when we desl with
a very small or very short cylindrical channel (three dimensional
conduction), However, in gas heater practice where there way be
neither free choice of the metal nor of the gecmetry, 1-3 kw/cm2
appear reasonable wall heat load values for high pressure water
cooled parts,

Now we compare on the pressure-enthalpy charts, FPigs. 16
through 18,the empirical arc air heater performance envelope with
the containment limit curves for 1 ku]cmz and for 3 kv/cmz. Even the
lover one of these lies appreciably above the "state of the art"
envelope, I1f we assume the containment limit curves to be sufficiently
accurate for this type of comparison (i.e. say reliable within a factor
of 2) then we must ask why gas hea*ers have not yet gotten up into the
regime between the two containment curves mentioned. Part of this
might be attributed to deviations from what i{s now believed to be
the optimum size for containment, or to insufficient constrictor heat

load capability (e.g. ceramic-lined constrictors). However, these

33




—

explancticns are not sufficient to btridze the gap,

| The major resszon must bo that physical mechenicns gthexr than
the simple hot gas centelomant have linmlted the performnnce of the are
g2s hooters built to date, In moct erc heater dasigns tho electrodes
ara exposcd to tha full coatainmaont heat loads plus larxgs additional
heat loads at the arc attachment points, so that the electrodes clearly
are the perfeormance limiting components, This is especially true at the
low pressures whore the total current values required to reach the
contairzant limits become very lorge.

Bounver, ve know thzt there are possible methods and
dasign conZfigurations vhich remove the electrodes from becoming the
psrformance limiting components. The "Double Gerdien" arc chember
(Ref. 27 and 28) {s# one of thes2 configurations, and there are others. It
is this rcascning which led us to calculste the contsinment limit as the
most 1likely porformance boundary. Therefore, we conclude that arc gas
hastar parforzunced corrasponding to tha appropriste contafnment limit
curves (parheps the 3 ku]cmz curve} should be technically possible,

For more accurate predictions it will be necessary to
gecalculate thase curves more precisely for the optically thin gas,
to calculate the "optically dense” gas regime also, and, most
important, to chack theses theoretical predictions with suitable
experiments,
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